We review the topic of hybrid superconducting nanostructures by introducing the basic physical concepts and describing recent key experimental results. We discuss the superconductivity nucleation in mesoscopic structures, the vortex lattice imaging in doped diamond films, the superconducting proximity effect, multiple Andreev reflection in Josephson junctions and the electronic micro-cooling in hybrid tunnel junctions. An emphasis is put on very low temperature local probes and noise measurement techniques developed in Grenoble.
Introduction
Superconductivity is a macroscopic quantum state, whose signature is zero dc-resistance and complete diamagnetism. Diamagnetism is achieved by screening currents at the surface of the sample nulling the applied field in the sample (Meissner-Ochsenfeld effect). Superconductivity sets in upon lowering of temperature as the formation of pairs of electrons allows to diminish their energy. The pairs of electrons are called Cooper pairs and consist of two undistinguishable electrons of opposite spin and momentum. Two length scales characterise superconductivity, first the coherence length, ξ, a length corresponding to the spatial extent of a Cooper pair and the penetration depth, λ, the width the superconducting screening currents need to shield the field. When a magnetic field is applied to a superconductor, it interferes in many ways with superconductivity. The quantum state wavefunction acquires a phase factor, via the vector potential A, resulting in a space-dependent free energy Ginzburg-Landau functional. If the ratio of λ/ξ is smaller than 1/ √ 2, a coexistence of normal and superconducting regions is observed. The regions have typically length scales of several micrometres, these materials are called type I superconductors and are mostly elemental superconductors. If the ratio λ/ξ is larger than 1/ √ 2, it is energetically favourable for the material to admit magnetic flux in a quantised manner. These flux quanta are called vortices and contain a flux Φ 0 = h/2e =2.06 × 10 −15 Wb with h being Planck's constant and e the charge of the electron. At its centre in a region of diameter of ξ, each vortex contains unpaired electrons. When the field rises above a first critical field H c1 , vortices begin to penetrate the centre of the sample and superconductivity weakens. Due to a repulsive interaction between them, the vortices arrange themselves in a triangular array (Abrikosov array) which can be more or less distorded depending on the density of pinning centres created by chemical or structural disorder in the material. Superconductivity disappears in the bulk when the vortices cores overlap at a field H c2 , and also from the surface sheath at a field H c3 =1.7 H c2 . Between H c2 and H c3 , the superconducting sheath has a typical width of the order of the coherence length [1] . The superconductivity vanishes last and appears first at the surface, due to the wavefunction's boundary condition of zero transverse amplitude at this place.
When a superconductor is in contact with a normal metal, single electrons are transformed in Cooper pairs and vice versa continuously. At the N/S interface, the microscopic mechanism is the Andreev reflection of an electron into a hole, which traces back almost exactly the trajectory of the incident electron. This coherent process corresponds to the transfer of a Cooper pair in S and its inverse to the diffusion of an electron Andreev pair in the normal metal [2] . In the vicinity of the interface, the diffusion of Andreev pairs induces superconducting-like physical properties in the normal metal. One aspect of this so-called proximity effect is the local modification of the energy spectrum. In the case of a N/S junction with a normal metal of finite length, the density of states in N is expected to exhibit a mini-gap: the density of states is zero within an energy window around the Fermi level. The width of this mini-gap is smaller than the intrinsic superconducting gap of the superconductor. In the case of a normal metal with an infinite length, the density of states will exhibit a pseudo-gap: the density of states is zero only at the exact Fermi level and goes approximately linearly with the energy close to the Fermi level. This behaviour can be understood by arguing that some electron trajectories travelling close to the interface never hit it, therefore do not couple to superconductivity and contribute to the density of states. Practically, the criteria of an infinite length for the normal metal should be understood as a length larger than the phase coherence length. In every case, the characteristic energy scale is given by the Thouless energy E Th = D/L 2 where D is the diffusion coefficient and L is the size of the metal or the distance from the interface.
If two superconductors are connected to a short normal metal (S/N/S junction) [3], a dissipationless supercurrent can flow. Here, we consider a length of the normal bridge smaller than the phase coherence length L φ of the normal metal and transparent contacts between the superconducting electrodes and the normal metal. A case of particular interest deals with long junctions defined by a junction length L larger than the induced superconducting coherence length in the normal metal ξ N but still smaller than the single particle coherence length L φ , in contrast with the short junction case L<ξ N met for instance in superconducting atomic point-contacts. In a long S/N/S junction, the Thouless energy E Th = D/L 2 is smaller than the gap ∆ and it determines the amplitude of the maximum supercurrent. At finite voltage, the charge transport though a S/N/S junction occurs mainly through Multiple Andreev Reflections (MAR): normal metal quasiparticles with an energy <∆ go through successive Andreev reflections at the two N/S interfaces until they reach the superconducting gap energy ∆. With an applied bias V , the number of successive MAR is equal to 2∆/eV +1. Thus, two regimes can be met depending on the voltage bias. At low bias, the electron and hole trajectories coincide and multiple charge quanta are coherently transferred through the S/N/S junction. In the (high-bias) incoherent regime eV > E Th , the electron and the hole have, away from the interface, independent trajectories. The electronic transport then occurs by incoherent MAR, which induce excess noise as compared to a similar N/N/N system.
Superconductivity nucleation in mesoscopic structures
Two experimental set-ups described below, Scanning Tunnelling Microscopy (STM) and Scanning nano-SQUID Microscopy (SnSM), can probe, in different ways, inhomogeneous superconducting states, such as the mixed state of a type II superconductor. In the case of STM, this is the signature in the LDOS of the zeroing of the order parameter which is probed whereas in the case of SnSM, this is the local magnetic field.
Magnetic microscopy
As an applied magnetic field induces a modulation of the superconducting state and notably the appearance of vortices, magnetic microscopy is a tool of choice to observe the inhomogeneous magnetic state of a superconductor. One way to do this is to scan a microscopic flux meter above the surface of the superconductor. A very sensitive flux-meter is the Superconducting Quantum Interference Device (SQUID). The direct current (dc)-SQUID consists of a superconducting loop with two Josephson junctions.
When a magnetic flux Φ threads this superconducting loop, a circular supercurrent is induced which is periodic with Φ with a period equal to Φ 0 . The presence of such a supercurrent decreases the maximal dissipationless dc-current one can drive across the SQUID. As a result, this critical current I c is also a Φ 0 -periodic function of the applied magnetic flux. The measurement of I c (Φ,x,y) for each position (x, y) of the nanoSQUID above the sample surface gives a direct access to the local variations of the magnetic field. For instance, for a SQUID loop area of 1 µm 2 a periodic modulation of I c corresponds to a field variation of 2.06 mT. Such a nanoSQUID is well suited for detecting the magnetic field of a vortex in a type II superconducting film in the mixed state. Indeed, such a field can be estimated as H ≈ Φ 0 /2πλ 2 ≈ 30 mT for a penetration depth λ of the order 100 nm. However this is an upper limit of H, since it rapidly decreases when one moves away from the surface.
We have chosen to aim at high spatial magnetic resolution and adopted the nanoSQUID design based on Dayem bridges as Josephson junctions patterned by electron beam lithography see Figure 1 [4]. The bridges have a width of the order of 20 nm. Microscopes based on bigger and more sensitive SQUID [5] are described in literature, though their spatial resolution is lesser and their design far more complex. At a height of 1 µm above the surface, the field is reduced to about 1% of the estimated field in the centre of the sample. This rapid decrease of the field amplitude as a function of the distance between the nanoSQUID and the sample surface means that close proximity between sample surface and nanoSQUID has to be maintained. We have chosen to implement an active height regulation between the sample and the nanoSQUID tip in attaching the nanoSQUID on a piezoelectric Quartz tuning fork [6], see Figure 1 . As the tuning fork is excited by a dither piezo ceramic, its resonance frequency which depends on the sample-SQUID distance is tracked by a phase locked loop controller. Any frequency shift is then used in a feedback loop to maintain this distance constant while scanning, in a similar way as in force microscopy. Such a scanning nanoSQUID force microscope has been integrated in a reversed dilution refrigerator, allowing imaging at very low temperatures. The strength of low temperature high resolution magnetic imaging relies on the possibility to follow in situ the evolution of the magnetic structure of a superconductor upon changes in temperature and field. We applied this approach to the study of the vortex arrangements in a patterned array of holes in an aluminium film [7] . We chose aluminium because of its long coherence length and in consequence the weak vortex pinning effects. Aluminium behaves as a type-II superconductor if the thickness of the film is of the order of the penetration depth, and if the lateral dimensions are much larger than the thickness. The holes were arranged in a repetitive pattern of lines and each line was made of holes of either 0.5, 1or1.5 µm diameter. The distance between the holes was 10 µm. Upon cooling in an applied field, due to the boundary conditions of the superconducting wave-function, the first regions that become superconducting are the regions at the borders of the sample and of the holes. When the edge of an hole becomes superconducting, the wave-function must be 2π periodic around the hole. As a consequence, the flux through the hole is quantised in 1, 2, or 3 Φ 0 , the quantification being possible due to circulating screening currents in the superconductor around the holes. Figure 2 (b) is taken at a field of 0.2 G, which is the matching field so that each hole carries exactly one flux quantum. The temperature at a given field for which the surface of each hole becomes superconducting depends on the hole curvature. The smaller the curvature, the closer the temperature gets to the bulk critical temperature. This size dependence is clearly visible in Figure 2 (c). Upon field cooling, the flux passes through the bigger holes and the screening currents are set up to establish the 2π periodicity of the wavefunction around these holes. If no flux is left over, no screening currents will appear when the smaller holes become superconducting at lower temperatures. In this image, the site of the smallest hole remain dark: there are no screening currents. When the film is cooled in an applied field higher than the first matching field, interstitial vortices appear between the holes, as in Figure 3 (a) where the field was 1.14 G. These 'Abrikosov' vortices nucleate preferentially at defects bigger than the vortex coherence length and stay more or less pinned at their position, as long as the coherence length stays shorter than the defect size. When the sample is warmed up close to T c , here 1.18 K, the coherence length in Al starts to diverge and the vortices become mobile, see Figure 3 (b). At the same time, the penetration depth λ diverges also and the vortices become magnetically larger and the repulsion between the vortices diminishes. In Figure 3 (b), it becomes apparent that the interstitial vortices are pushed together by the screening currents that circulate around the holes. In average, each vortex cloud between the holes is constituted of four vortices. When the temperature is raised even more, a new state appears. Localised superconductivity is visible around the larger holes of 1 and 1.5 µm diameter, the superconducting surface sheath persists above H c2 as it is governed by H c3 (r) [8], r being the curvature of the hole, Figure 3 (c). This is the first direct observation by an imaging technique of the state of localised superconductivity. 
STM at low temperature
Scanning Tunnelling Microscopy (STM) provides highly resolved images of surfaces, making individual atoms visible. It can also provide a local spectroscopy of the electronic properties of nano-objects with atomic scale resolution. The Grenoble very low temperature STMs work at about 60 mK in a dilution refrigerator [9] . They feature both an atomic resolution and a large scanning range of 6 × 6 µm 2 at low temperature. In the experiments described in this paper, the cryogenic environment is not only necessary because superconductivity and quantum coherence in nanostructures take place at very low temperature but also because the energy resolution in spectroscopy techniques, such as Scanning Tunnelling Spectroscopy (STS), improves when approaching zero temperature. In this limit, the tunnelling probability of an electron between the STM tip and the sample is simply proportional to the local electron density of states (LDOS) of the two materials integrated in a energy window eV , the energy shift of the Fermi levels of the two metals. In this energy range, all the electronic states which are fully occupied in one electrode can tunnel in fully empty states in the other one. The tunnelling current can therefore be written as
where ν t ( ) and ν s ( ) are the LDOS of the tip and the sample respectively and G T a quantity proportional to the tunnelling conductance. Since characteristic energies for spectroscopy on superconducting samples at low temperature are in the meV range, one can assume further a constant LDOS for the tip when made from a normal metal. Then the differential tunnelling conductance becomes proportional to the LDOS of the sample at an energy eV :
However, at non-zero temperature, the Fermi-Dirac distribution f (E) influences the tunnelling current, which becomes temperature dependent.
and
In the spectroscopy mode, the energy resolution of a tunnelling experiment is thus given by the thermal energy: 3.5 k B T. Our STMs have shown an energy resolution below 36 µeV. One way to improve this resolution is to use a superconducting tip whose LDOS is peaked at the superconducting gap energy and acts as an additional energy filter. The first picture of an Abrikosov array by STS has been obtained on NbSe2 [10, 11] . Moreover, since this material is a clean superconductor (l ξ, where l is the mean free path), localised states in the core of the vortex have been observed. These states are similar to ballistic Andreev trajectories in short S/N/S junctions. However in dirty superconductors (l ξ), these trajectories mix up and one recovers a flat density of states in the vortex core [12] . We have visualised by STS the Abrikosov array in boron-doped diamond thin films [13] [14] [15] . These films become dirty superconductors material below a critical temperature of a few Kelvin, which depends on the doping level. Although the disordered triangular lattice could be observed (see Figure 4) , the LDOS of the vortex core displayed a pseudogap which cannot be understood in the framework of standard metals. On the other hand, many resonant states in this pseudogap could be observed, in the vortex core but also in the vicinity of the vortex as well. The low density of electrons in this material is a possible clue for this anomalous behaviour. 3 The superconducting proximity effect
STM: Local Density of States
We have performed the local spectroscopy at 60 mK of a Nb/Au sample made of superconducting Nb dots with a rather smooth profile buried below a normal metal Au film [16] . We measured several series of spectroscopies as a function of distance from the centre of a Nb dot by travelling along one line. Figure 5 shows a representative selection of spectra taken during a single series. In the centre of the Nb island (curve a), the density of states exhibits a clear gap, which is reminiscent of a BCS behaviour. Compared to the bulk Nb gap value of 1.4 meV, the measured gap is significantly reduced due to inverse proximity effect. As we move away from the Nb dot centre (curves b to d), the density of states first continues to exhibit a fully developed but reduced gap. This remains approximately true up to close to the curve e, which shows a clear pseudo-gap: the density of states goes approximately linearly to zero at the Fermi level. As the tip is moved further away (spectra e to j), the pseudo-gap width is reduced. We have been able to observe a pseudo-gap behaviour in the density of states spectra over about 300 nm. This experimental data compares favourably with the spectra calculated from the Usadel equations [16] , assuming a very simple geometrical model of the complex sample geometry. In the bilayer region, we consider the sample as a bilayer with a varying Nb layer thickness. In the 'proximity' region, we consider a lateral N/S junction. From the fit parameters, we found that spin-flip and inelastic scattering could be neglected, which means that the related characteristic lengths should be larger than about 300 nm. Note that the vertical scale has been expanded by a factor of about 10 compared to the horizontal one. The locations where the spectra were measured are indicated, as well as the domains of application of the two geometry models used in the calculations. Left: experimental spectra measured on locations a to j during a single scan along one line (see online version for colours)
We have carried out a similar study in Nb/Au bilayers with an increased gap thanks to a larger thickness of the Nb layer [17] . This increased ∆/k B T enabled us to unveil an anomalous behaviour of the local density of states at the surface: a non-zero density of states appears within the mini-gap and increases when the thickness of the Au layer is increased. This behaviour is presumably related to the shape of the Au Fermi surface.
Noise in S/N/S diffusive hybrid superconducting nanostructures
In this section, we describe recent results obtained on the noise in diffusive S/N/S junctions. We have measured the current noise of junctions of various length from 0.4 µm to 0.8 µm. They are all based on aluminium -copper -aluminium contacts evaporated in situ through shadow masks. This ensures a very good electrical contact between the superconducting material (Al) and the diffusive metal (Cu).
The overall behaviour of the current noise density as a function of bias voltage is shown in Figure 6 . We observe a pronounced minimum at V ≈ 10 µV corresponding to the Thouless energy E Th 7 µeV. This minimum indicates the transition from the regime of coherent pairs transport at low voltage to the regime at higher voltage where the Andreev pairs are split off into independent quasiparticles before reaching the opposite interface. In this incoherent regime, the proximity effect can be neglected and the noise is given by:
It corresponds to the zero temperature shot noise of a coherent diffusive normal metal sample times the number of Andreev reflections. This expression is exactly the prediction of semiclassical theory in the zero temperature limit and when no inelastic processes take place [18, 19] . In our junctions however, proximity effect corrections persist over the whole voltage range. In order to take into account the related voltage dependence of the resistance, we used R(V )=V/I in equation (5) rather than the normal resistance R N and analysed the product S I (V )R(V ) (Figure 6 ). At T = 100 mK we obtain a very good agreement between experiment and equation (5), see Figure 6 , in the range from 50 µV up to the current induced transition at about 260 µV. At temperatures above 500 mK, the thermal noise of the quasiparticles outside the gap has to be taken into account. Along the lines of Bezuglyi et al. [19] , we write the total noise as a sum of this thermal noise and the subgap noise. The fits obtained using the BCS temperature dependence of the superconducting gap show excellent agreement with the experimental data between 500 mK and 900 mK. For small voltages (V<50 µV) the experimental data show a nonlinear regime which extends down to its minimum at the Thouless energy. The simple model used above to derive equation (5) supposes a 'collisionless regime', where the quasiparticles reach the gap without inelastic interactions. However at low voltage and finite temperature, the effective length of the junction for the multiple retroreflected particles L eff = NL ∼ L∆/V exceeds the inelastic length L in . In this 'interacting regime', electron-electron collisions interrupt the successive incoherent multiple Andreev reflections before the quasiparticles reach the gap. In the case of strong interaction, a Fermi distribution with an effective temperature T e is restored [20, 21] . Figure 7 shows the low voltage (V<8 µV) part of the noise spectral density as a function of bias from 500 mK to 800 mK. These results have been obtained in a second set of samples of the same kind. We have focused on the temperature range where no hysteresis is present. The first striking result is the overall divergence of the noise at low bias for every temperature. The second important feature is the broad peak with a maximum between 2 µV and 4 µV. When the temperature increases, it is less and less pronounced, moves to lower voltages and finally disappears around 800 mK. We analyse this peak in terms of a mixing between the ac-Josephson current I J and the fluctuating current δI N generated by the junction through its non-linear response. In such a situation, the voltage fluctuations S(ω) at low frequency are determined not only by the current fluctuations at the frequency ω, but also by those close to the Josephson frequency ω J and its harmonics. Under some assumption [22] , the low frequency noise can be written as
where the coupling factor η accounts for the down mixing additional noise measured at low frequency. We obtained the coupling factor η from the measured quantities V and R d by numerically differentiating R d with respect to the calculated I. We can then extract, from the measured noise, the intrinsic junction noise S I (0) = S Imeas (0)/(1 − η), see Figure 7 . For all the curves the broad peak has disappeared or, at least, has been strongly reduced. Figure 7 shows that S I (0) exhibits a strong divergence at low voltage, which cannot be described by the thermal noise of the normal resistance 4k B T/R N as in Koch et al. [23] . We cannot either understand the data by introducing an effective temperature, as we would get an unrealistic effective temperature as high as 100 K. We thus propose that the low voltage noise writes as
The comparison with experimental data of S I (0) is shown in Figure 7 with no adjustable parameter. Between 800 mK and 550 mK, the agreement is remarkable. Equation (7) can be understood in two ways. First, it is the low voltage limit (eV k B T ) of the quasiparticle noise of a junction with low transmitting channels: S I (0) = 2eI coth(eV/2k B T ). If effective charges e * >e are responsible for the transport, e should be replaced by e * = Ne in the above expressions. In that case, the condition e * V = NeV k B T for equation (7) to remain valid, is verified as long as N<30 at 1 µV and 550 mK. In this description, only channels with low transmission coefficients contribute to the current and to the noise. Equation (7) might also be related to the fluctuation -dissipation theorem in a non-linear system, in which the resistance R N would be replaced by V/I(V ). Here, dissipation arises from electron-electron interactions that necessarily occur at low voltage due to the large number of Andreev reflections needed for the quasiparticles to escape into the superconducting electrodes. In both cases, we conclude that, at very low voltage and 'high' temperature, the current noise in long S/N/S junctions is governed by the transport of incoherent quasiparticles between the two superconducting reservoirs, which induces a noise divergence when the voltage goes to zero [18] .
When decreasing further the temperature, the experimental data present a large excess noise compared to equation (7) expression. Therefore, additional noise sources must be involved. It is worth noting that this deviation from a pure quasiparticles noise occurs below 525 mK, which corresponds to k B T 3.5 E Th , very close to the mini-gap width (3.1 E Th ) [22] . This suggests that coherent processes, which become relevant in this energy scale, should play a role here.
Micro-cooling in hybrid devices
In a N-I-S tunnel junction (where I stands for Insulator), single quasi-particles can tunnel from the normal metal to the superconductor if their energy, as measured from the superconductor Fermi level, is larger than the superconducting gap. This energy selectivity induces a cooling of the electronic population of the normal metal in a S-I-N junction biased at a voltage below the gap ∆/e. As the heat current direction does not depend on the sign of the bias, S-I-N-I-S micro-coolers based on a double tunnel junction feature a double cooling power and an improved efficiency due to the better thermal isolation of the metal. The electronic temperature reduction reaches an optimum at a voltage bias just below the gap. In a Al-based device, normal metal electrons can cool from a bath temperature of 300 mK down to below 100 mK [24, 25] .
We have studied the electron transport properties of S-I-N-I-S electronic micro-coolers down to very low cryostat temperature (90 mK) [26] . A differential conductance peak is observed at zero bias and identified as the contribution of the Andreev reflection to the sub-gap current, see Figure 8 left. As the temperature is decreased, this Andreev current increases, as it arises from the phase coherence in the normal metal. We have shown that the Andreev current introduces additional dissipation in the normal metal, equivalent to Joule heating. By analysing quantitatively the heat balance in the superconducting micro-cooler, we provide a full description of the evolution of the electronic temperature with the voltage. The dissipation induced by the Andreev current is found to dominate the single particle tunnelling-based cooling over a large bias range, see Figure 8 right. This newly uncovered contribution is thus of great importance for the analysis of the thermal behaviour of superconducting micro-coolers as well as of other hybrid devices. 
Conclusion and perspectives
The studies of hybrid superconducting nanostructures described in this paper offer new inroads into mesoscopic physics, nanoscale devices and low temperature experimental developments which provide the ground for ongoing researchs in Grenoble. Apart from unexpected observations in granular superconductors [27] , proximity effect in diffusive systems is well understood, and many experiments have been performed to investigate it on a mesoscopic scale [16, 28, 29] . Proximity effects in ballistic materials remains a difficult experimental challenge. However, a breakthrough can be done with the recent discovery of graphene [30] . This new material made of a single atomic layer of carbon atoms arranged on a hexagonal array is expected to allow ballistic transport on very long distances up to several microns. Moreover, because of a peculiar band structure, under certain circumstances, Andreev conversion of an electron into a hole and a Cooper pair is associated with a specular reflection. One can imagine devices where, by varying the Fermi level of graphene with the help of an electrostatic gate, the transfer of current between graphene and a superconductor can be tuned from a specular Andreev reflection into a usual retroreflection.
We have seen that inhomogeneous superconducting states can either be induced by a magnetic field or artificially tailored by lithography techniques. A third possibility is to weaken the superconductivity of a thin film by increasing its disorder. When impurities are incorporated or the film thickness reduced, the slow diffusion of the electrons impairs their ability to screen Coulomb repulsion, which competes with the attractive Cooper pairing. Ultimately, at a critical disorder and T =0, a quantum transition happens, which drives the two-dimensional superconductor into an insulator. Although disorder can be made homogeneous down to a microscopic level, it is characterised by strong spatial fluctuations, like any statistical quantity. Close to the quantum superconductor-insulator transition but on the superconducting side, these spatial fluctuations induce an inhomogeneous superconducting state on a mesoscopic scale [31] . Many works are devoted to understand what kind of insulator can grow on this inhomogeneous superconducting state. Is it a Bose insulator where Cooper pairs still exist locally or is it a Coulomb glass with only electronic-like excitations? Local probes but also mesoscopic devices will probably shed light in a near future on these fundamental questions.
Requiring a metallic surface, STM is not well adapted for mesoscopic or nanoscopic structures built on insulating substrates. On the other hand, Atomic Force Microscopy (AFM) can image any kind of surface, but gives no information about electronic properties. We have developed a new kind of near field microscopy which combines force microscopy with tunnelling spectroscopy, working at very low temperatures [32] . This instrument, see Figure 9 , can be used for near field studies of nanostructures with partly insulating surfaces. To achieve this, we use a piezo-electric tuning fork on which we make electrical contact with a glued tunnelling tip. The quartz tuning fork provides its natural rigidity to this hybrid probe, providing excellent stability for the tip in spectroscopic mode. The very low working temperatures achieved for this microscope (50 mK) guarantee very good energy resolution. We have studied the local superconducting properties for a sub-micron epitaxial wire of niobium on sapphire. The AFM image enabled us to localise the 8 nm high wire on the insulating sapphire surface. Once the point is positioned on the metal wire, the microscope is switched over to tunnelling mode to do local spectroscopy, measuring the variation of the density of electronic states with position. This new experimental approach opens new perspectives for the measurement of non-equilibrium effects in superconducting nanostructures.
Scanning nanoSQUID Microscopy has been successfully employed to study the magnetic state in crystals of unconventional superconductors [33, 34] . Very often the surface state of these materials is so delicate that STM techniques fail to access the electronic bulk state, but magnetic microscopy can detect vortex arrangements, and particular magnetic states, spontaneous currents etc ... The nanoSQUID force microscopy has a huge potential of improvements: shaping tips by Si deep-etching in order to come closer to the surface and increase the magnetic flux-coupling, novel SQUID readout schemes ... Several orders of magnitude can be won in spatial, magnetic and temporal resolution. This progress will allow to observe dynamic processes, and magnetic noise in superconducting quantum devices to name just a few new potentialities. 2 AFM image of a 300 nm-wide Nb wire patterned on a sapphire substrate at 100 mK. Frequency shift is 0.15 Hz, tip oscillation amplitude is 1 nm, scanning speed is 175 nm/s. Bottom: Differential conductance spectra acquired at 100 mK in units of the high bias conductance equals to 50 MΩ. The spectroscopies from bottom to top were acquired along a 25 nm-long displacement of the tip on the Nb wire as indicated by an arrow on the image. Right: Photograph of a very low temperature AFM-STM operating at 50 mK in a home-made upside-down dilution refrigerator. The motor stacks holding the sample are visible at the bottom and in front of the piezo-electric tube holding the tip (see online version for colours)
We have shown that current noise measurements provide a precise description of electronic transport in Josephson junctions. Having now a clear description of the current noise in diffusive S/N/S junctions and in diffusive S/N contacts [35, 36] , we are now addressing the problem of crossed correlations in multi-terminal superconducting hybrid nanostructures. The idea is to fabricate a normal nanostucture that is connected to one or several superconducting electrodes. If the nanostructure is small enough, an Andreev pair emitted by one superconducting electrode into the normal metal can split and one of the two quasiparticles can propagate in one electrode connected to the nanostructure and the second quasiparticle in a different electrode. This crossed Andreev reflection process could be detected by crossed current correlations measurements. This would be the first step towards the fabrication and the detection of an electronic Einstein-PodolskyRosen (EPR) source [37] (and references therein).
